Introduction
Asthma is the most frequently diagnosed and chronic, noncommunicable, inflammatory disorder among children and adults. According to the latest Global Asthma Report, nearly 340 million individuals worldwide have been diagnosed with asthma; 1 it is estimated that an additional 100 million individuals will be affected by 2025. 2 The prevalence of asthma varies substantially across the globe, and has been shown to vary between countries by up to a factor of 21. 3 Prevalence tends to be higher in developed countries, with the highest reported prevalence of asthma in Australia (21%), Sweden (20%), the United Kingdom of Great Britain and Northern Ireland (18%), the Netherlands (15%) and Brazil (13%); the lowest prevalence of asthma has been observed for Viet Nam (0.8%) and China (0.2%). 3 Some studies, for example in Australia and the United States of America, 4 United Kingdom 5 and Latin American countries, 6 have reported within-country variations. A higher degree of urbanization, associated with a higher exposure to risk factors (e.g. pollution or prenatal stress), has been linked to an increased risk of asthma. 7, 8 Another factor increasing this difference is the so-called hygiene hypothesis, 9 which describes how growing up in a rural environment, with its associated increase in exposure to microbial agents 10 and endotoxins, 11 can have a protective effect against allergic diseases including asthma. Prevalence estimates of 3-12% among children and 2-5% among adults have been reported in Germany; 12 however, current estimates of asthma incidence are lacking. Regional variations in Germany have only been examined for rough geographical units and for specific age groups (e.g. children or adults). For example, one study demonstrated differences in asthma prevalence among children between East and West Germany. 13 Another study involving only adult participants investigated variations in asthma prevalence across the German federal states. 14 An examination of regional variation in asthma morbidity is of particular importance as geographical factors, and not just factors related to individual patients, play a considerable role in the pathogenesis of asthma. 10 We therefore provide estimates of asthma morbidity in Germany for the years 2009 to 2016, and examine differences in prevalence with time, residence type (urban versus rural) and geographical location. We also estimate the total number of individuals in Germany currently affected by asthma, and calculate the sex-, age-and residence-specific risk of asthma incidence.
Methods

Data and study population
We used nationwide ambulatory claims data reported by physicians approved to treat statutory health insured individuals in Germany, acquired during 2009-2016. Privately insured members of the population were not included in this study. Claims data contain information on the sex, age and district of residence of outpatients (Germany's 16 federal states included 402 administrative districts in 2011, 106 of which were urban and 296 rural), as well as diagnoses of individuals who consulted an authorized physician at least once in each year. Diagnoses are coded according to the German modification of the 10th edition of International Classification of Diseases and Related Health Problems (ICD-10-GM, code J45). Asthma morbidity, Germany Manas K Akmatov et al.
Definition of asthma cases
We defined a prevalent case of asthma as one diagnosed in at least two quarters of the corresponding year. [16] [17] [18] In addition, we only included confirmed diagnoses (i.e. those highlighted with the additional diagnostic modifier "assured"). As a sensitivity analysis we also estimated the prevalence based on a single diagnosis of asthma for comparison. An incident case of asthma was defined if it was diagnosed for the first time between 2011 and 2016. Individuals diagnosed with asthma for the first time in 2009 and 2010 were excluded from this analysis.
Statistical analysis
We calculated the sex-and age-specific prevalence of asthma by dividing the number of asthma diagnoses per sex/ age category by the total number of individuals with statutory health insurance in that category, for each separate year from 2009 to 2016. We also calculated the age-standardized prevalence, using the direct standardization method, and 95% confidence intervals (CI), although we note that CIs are not particularly informative because of the very large sample size (> 70 million). As a standard population, we used the German population from the year 2015. 19 Using the sex-and age-specific prevalence calculations along with sex-and age-specific population distribution, we estimated the total number of individuals affected by asthma in Germany in 2016.
We performed a spatial analysis of crude asthma prevalence according to administrative district by calculating Global and Local Moran's I. 20 Districts were divided into four types of areas: (i) rural areas with low population density, that is, a population density lower than 100 inhabitants per km 2 ; (ii) rural areas with population concentrations, that is a population density less than 150 inhabitants per km 2 ; (iii) urban districts, that is a population density over 150 inhabitants per km 2 ; and (iv) large urban municipalities, that is a population above 100 000 inhabitants. 21 We used semi-parametric group-based modelling of age-standardized prevalence to identify administrative districts with similar trends in prevalence over the study period (2009) (2010) (2011) (2012) (2013) (2014) (2015) (2016) , that is, longitudinal clusters or trajectories. 22 Finally, we performed a KaplanMeier analysis to estimate the overall summed incidence of asthma as well as by sex, age (children versus adults), type of residence and federal state. We then used a parametric mixed-effect survival model with individuals (level 1) nested within the 402 districts (level 2) to examine the risk of the incidence of Rural areas with a population density lower than 100 inhabitants per km 2 were categorized as low population density, rural areas with a population density less than 150 inhabitants per km 2 were categorized as rural areas with population concentrations, urban districts were defined as districts with a population density over 150 inhabitants per km 2 and large urban municipalities had a population above 100 000 inhabitants.
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asthma according to the abovementioned control variables, with 95% CI. Since the assumption of proportional hazards was violated by an interaction between sex and age, that is, the sexspecific prevalence is not independent of age, and vice versa, we repeated the survival analysis separately by sex to exclude the interactive effects.
Results
Study population
The study population of individuals with statutory health insurance with at least one ambulatory health service contact per year comprised 85.33% (70 416 019/82 521 653) of the total German population in 2016 ( Table 1 ). The study sample consisted of 12 169 720 children (0-18 years) and 58 246 299 adults. There were only minor differences across population distributions by age, type of residence and federal state; however, the proportion of females was higher in the study population than in the general population.
Prevalence
Of the 70 416 019 study individuals, 5 360 867 (7.61%) had at least one diagnosis of asthma. The number of children and adults with at least one diagnosis of asthma was 955 628 (7.85%) and 4 405 239 (7.56%), respectively. Of the study individuals, 4 033 521 had prevalent asthma, classified according to the applied case definition (i.e. two diagnoses), corresponding to a crude prevalence of 5.73%. The crude prevalence among children was 5.13% (624 899/12 169 720) and for adults 5.85% (3 408 622/58 246 299; Table 2 ). The age-standardized prevalence of asthma was 5.76% (95% CI: 5.76-5.77) in 2016 (Table 3) .
We observed an interaction in terms of sex and age that has already been reported in the literature (Fig. 1) . 23, 24 Asthma prevalence was substantially higher among boys, an association which disappeared in young adulthood. In middle adulthood this association was observed to reverse and asthma prevalence was higher among women, reaching its peak in the age group 65-75 years. After decreasing in boys from the age of 10-11 years until age 30-34 years, there was a slight increase in prevalence in men until age 40-45 years.
From age-specific prevalence data and population distribution data, we estimated that 793 112 children (defined as 0-19 years in this case because of age groups used in the available data) and 3 918 993 adults (> 19 years) were affected by asthma in 2016, resulting in a total of 4 712 106 asthmatics (Table 4) .
Temporal trends
The age-standardized prevalence of asthma increased from 4.46% (95% (Table 3) , corresponding to a relative change of +30.32%. The semi-parametric groupbased modelling demonstrated the presence of six clusters of different size, but with a similar course of prevalence over the study period (Fig. 2) . We observed an almost linear and relatively uniform increase in prevalence in all clusters from 2009 to 2016. A stratified analysis by age (children versus adults, Table 2) showed that the prevalence increase was attributable to adults (relative change, +35.10%) and the prevalence among children changed only marginally over time (+4.69%).
Spatial variation
We observed strong variations by a factor of three over the 402 districts in the age-standardized prevalence of asthma; the lowest and highest prevalences of 3.03% (95% CI: 2.94-3.11) and 8.85% (95% CI: 8.57-9.14) were observed in Schwäbisch Hall and Eisenach, respectively. The age-standardized prevalence was higher in the western parts of Germany and lower in South and East Germany (Fig. 3) . We found evidence of a strong spatial autocorrelation at the district level (Global Moran's I: 0.50; P < 0.0001). Local Moran's I showed the presence of spatial clusters with high or low prevalence (Fig. 3) . Clusters with high prevalence were found in western Lower Saxony, North Rhine-Westphalia, Schleswig-Holstein and in southern Thuringia.
Incidence
The study subpopulation for incidence estimation included 59 289 010 individuals who were included within the statutory health insurance system for several years (not always the full 8-year study period) and who contributed 422 516 235 person-years over the study period. Of this subpopulation, 2 613 755 (4.41%) were categorized as incident asthma cases. The summed incidence was observed to increase almost linearly with increasing age at diagnosis (Fig. 4) (Fig. 4) . We also observed a distinct difference in summed incidence of asthma according to type of residence; the highest incidence proportion was calculated for densely populated large urban municipalities followed by less densely populated urban districts, and the lowest was calculated for rural areas (Fig. 4) . The summed incidence was higher in West German compared with East German federal states (Fig. 4) . In multivariable analysis, children had a hazard ratio (HR) of being diagnosed with asthma of 2.17 (95% CI: 2.16-21.8) relative to adults ( 
Discussion
In contrast to other studies 25 that reported a higher prevalence of asthma among children than adults, we estimated relatively similar prevalence values in these two groups. As part of a sensitivity analysis we also assessed the prevalence based on a single diagnosis of asthma, yielding similar prevalence values among children and adults. The wide variations in previously published prevalence estimates, 12 especially among children, may be explained by methodological differences in those studies, for example, in study design (primary data collection 26 versus secondary analysis of existing data) 16 and case definitions (physician diagnosis 16 versus treated asthma 27 versus self-reports). 28 Prevalence estimates and their temporal trends therefore cannot be directly compared between studies. According to the European Respiratory Society, 29 an estimated 4 million individuals were affected by asthma in Germany. However, it is not known which study or even which year this estimate is based on, highlighting the scarcity of data. Using the nationwide claims data, we estimated that around 4.7 million individuals in Germany (1 in every 19 children and 1 in every 17 adults) were affected by asthma in 2016. Compared with an estimated number of asthmatics of 3.6 million in 2009 (calculated in the same way), the 2016 figure indicates an increase of over 1 million individuals. This increase is mostly attributable to an increase in adults with asthma; in contrast, asthma prevalence seems to have stabilized among children over our study period. Our observed stability in childhood asthma prevalence is in agreement with other studies in Germany; 30, 31 one study observed only minor changes in prevalence between 2006-2009 (3.7%) and 2014-2017 (4.0%). 30 Research on the incidence rate of asthma in Germany is scarce. 32, 33 A prospective study with follow-up visits between 1992 and 2005 among a relatively small sample of about 3200 children from three counties in East Germany yielded an incidence rate of 5.0 per 1000 person-years. 32 In an analysis of around 4000 adult participants of the nationwide German Health Interview and Examination Survey for Adults, an incidence rate for asthma over an average period of 12 years (1997-2011) of 1.1-3.4 per 1000 person-years was observed. 33 We estimated higher incidence rates (10.3 and 5.5 per 1000 person-years for children and adults, respectively); however, both studies mentioned above were regionally restricted and had small sample sizes. Our estimates are in good agreement with findings from largescale studies in other high-income countries, including Canada (10.9 and 5.6 per 1000 person-years for children aged 5-9 years and 10-14 years, respectively, and 2.8 for adults aged 40-69 years), 34 the United Kingdom (4.1 and 9.9 per 1000 person-years for adults and children, respectively) 35 and the USA (3.8 and 12.5 per 1000 person-years for adults and children, respectively). 36 Regarding the regional distribution of asthma morbidity, we observed several differences in terms of rural versus urban areas, East versus West German federal states and small district-scale hotspots. First, we observed differences in asthma morbidity between those resident in rural and urban areas. Although a higher morbidity of asthma in urban versus rural areas has previously been observed, 7 already partly explained by the hygiene hypothesis, 9 we also differentiated rural and urban districts by population density. We found higher incidence rates in densely populated large urban municipalities than in lower-population urban districts; environmental factors such as air pollution, one of the key risk factors for asthma development, 37 may explain this association.
Lower asthma morbidity was observed for residents of East Germany compared with those of West Germany at the beginning of 1990, shortly after the reunification of Germany. 13 Data from 2003-2006 did not show any difference, implying that morbidity had increased in East Germany; 26 however, the authors of that study suggested that unmeasured confounding factors may have masked a regional difference. Our observed regional difference is supported by a study that compared asthma prevalence in children with a similar genetic ancestry but living in different environments (in our case, genetically similar German children living in West or East Germany). 38 For example, a study measuring the asthma prevalence among Chinese children, showed that the prevalence increased from those born in China to those who migrated to Canada, and was highest for those born Notes: We created trajectories using the SAS procedure Proc Traj, 22 the optimal number of six, which was based on the Bayesian Information Criterion. The German population from the year 2015 was used as a standard population; 19 the standardization controls for possible demographic changes in the population structure in the study period.
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Notes: Cartographic presentation of age-standardized prevalence estimates by district (n = 402). Equidistant distance was used for group classification. General German population from the year 2015 was used as a standard population, 19 controlling for possible demographic changes in the population structure in the study period. Districts with significant spatial clusters estimated with Local Moran's I. 20 Spatial analysis was performed with crude prevalence values.
in Canada. 38 Epidemiological studies that rely on objectively measured data (e.g. skin prick test) also support our findings; for example, a higher atopic sensitization rate in children from West compared with those from East Germany has been reported. 13 We also observed district-scale variations in prevalence of asthma, and identified hot and cold spots, that is, districts with high and low asthma prevalence estimates, respectively. The distribution of local environmental risk factors of asthma (e.g. allergens, prenatal smoking, nutrition and/or stress) across the districts is usually unknown, but there is some evidence for district-level variations in smoking among men and women. 39 Other factors contributing to regional variations in asthma morbidity include meteorological factors (e.g. solar radiation), 40 area-level socioeconomic status, and the different diagnostic coding behaviour and practices of physicians. We found distinct differences between different coastal areas; specifically, we observed a cluster of high-prevalence districts near the North Sea coast, but a low-prevalence cluster in the Baltic Sea coastal region, a finding which merits further investigation.
Our study benefited from the use of nationwide claims data, incorporating outpatient diagnoses of approximately 85% of the German population. As there were only minor differences between the study population and the general German population in terms of age, type of residence and federal state, our findings may be considered representative. Our spatial analysis at the district level, allowing the identification of high-risk areas, is also important as there is no consensus on primary prevention of asthma.
Our study had several limitations. Our study population may not be representative in terms of sex distribution, as the proportion of females in our study population was slightly higher than that in the general population. The Table 4 was added to that of the previous group. In the graph for place of residence, data for rural areas with population concentrations and rural areas with a low population density are superimposed.
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15% of the population that is privately insured, whose data are not included, may differ from the individuals with statutory health insurance in terms of socioeconomic status. Differences in morbidity between individuals with private or statutory health insurance in Germany have been shown, 41 although not explicitly for asthma. One study does mention an asthma prevalence (around 5%) among privately insured individuals in Germany, comparable to our estimated prevalence for the entire population, but this estimate was based on a personal communication. 27 Also, physician claims data are primarily collected for billing purposes and not for morbidity research. Although we cannot rule out a degree of misdiagnosis, our conservative case definition (a diagnosis of asthma in at least two quarters of the year in question) reduced the possibility of counting false-positive cases. This case definition was also used in other studies of asthma prevalence, including in China, Taiwan 42 (which required diagnoses in at least three quarters of each year), Germany, 16 the Republic of Korea 17 and the USA. 18 Finally, information on potential confounding factors, such as smoking and socioeconomic status, was not available from the physician claims data.
We conclude that asthma is a common disorder in Germany with an increasing disease burden. A recent estimate of a current annual cost of asthma treatment per patient of €2168 Euros (€) 43 applied to our calculated number of prevalent asthma cases in 2016 (> 4 million) results in a cost to the German health-care system of over €8 billion. To control this increasing asthma prevalence and its associated costs, more research into the prevention and causes of asthma is required. We anticipate that our insights into the spatial distribution of asthma morbidity will serve as a solid basis for public health interventions, including region-specific prevention programmes and control. ■ 
Resumen Tendencias y distribución regional de las reclamaciones de pacientes externos por asma, 2009-2016, Alemania
Objetivo Investigar la morbilidad por asma en Alemania mediante el cálculo de la prevalencia actual, el examen de sus tendencias temporales y espaciales, la estimación del número total de asmáticos en Alemania y el cálculo del riesgo específico por edad, sexo y residencia. Conclusión Esta información sobre la distribución espacial de la morbilidad por asma puede servir de base para las intervenciones de salud pública, incluidos los programas de prevención y control específicos de cada región.
